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Chapter 1

Introduction

To study the structure of topological algebras, it is very useful to know the
description of closed ideals in the topological algebra under the considera-
tion. It is often very important to know which maximal ideals in a particular
topological algebra are closed, because majority of topological algebras have
both closed and not closed maximal ideals. It is well known that all maximal
regular one-sided and two-sided ideals are closed in Q-algebras, but not only
in Q-algebras. Necessary and su�cient conditions for a given topological al-
gebra, in which all maximal one-sided ideals [15] or two-sided ideals [16, 14]
are closed, are also known.

One of the simplest nontrivial topological algebras is the commutative
Banach algebra C(X) of continuous functions on a compact Hausdor� space
X with uniform topology. Closed ideals in C(X) were described in the �rst
half of the previous century. Soon after that the description of closed ideals in
the commutative Banach algebra Cb(X) of bounded and continuous functions
on a completely regular Hausdor� space X with uniform topology was found.

Next, in addition to other individual commutative Banach algebras, sev-
eral mathematicians (�rst of them B. Yood in [46] and A. Hausner in [26])
started to consider the ideal problem in several Banach algebras of contin-
uous A-valued functions on a completely regular Hausdor� space X (with
uniform topology) in case of a unital commutative Banach algebra A (in this
case the descriptions of maximal ideals with codimension one were mainly
considered). Moreover, I. Kaplansky considered the ideal problem in [30] in
the case of Banach algebra of bounded and continuous sections, de�ned by
the family {(Ax, τx) : x ∈ X} of unital Banach algebras. Later on, many
mathematicians (see, for example, W. E. Dietrich in [22]) described all closed
maximal ideals with codimension one in the topological algebra C(X,A) of
continuous A-valued functions endowed with compact-open topology in case
when A is a locally convex algebra with nontrivial continuous multiplicative
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10 CHAPTER 1. INTRODUCTION

linear functionals. W. J. Hery described in [27] all maximal ideals with codi-
mension one in the algebra Cb(X,A) of all bounded and continuous A-valued
functions on a completely regular Hausdor� space X in case when A is a
unital commutative topological (not necessarily locally convex) algebra.

In 1962, L. Waelbroeck showed in [45] that for the description of maximal
ideals in unital noncommutative locally convex algebras it is possible to use
the description of maximal ideals of the center of the given algebra. In 1968,
G. R. Allan developed in [17] a method for describing all maximal ideals
in unital noncommutative Banach algebras by using extendible ideals of the
center of the given Banach algebra. As Mart Abel showed in [3], it was
possible to generalize this method for the description of all closed maximal
regular one-sided ideals in several Gelfand-Mazur algebras.

In 1996, J. W. Kitchen and D. A. Robbins gave in [32] (see also [28])
the description of all closed maximal ideals with codimension one in the lo-
cally convex algebra of bounded continuous sections, de�ned by a family
{(Ax, τx) : x ∈ X} of unital commutative locally m-convex algebras.

The aim of the present Thesis was to obtain some more general results
about the description of closed maximal regular ideals of topological algebras.
Descriptions of closed maximal regular one- and two-sided ideals of topolog-
ical algebras of (not necessarily bounded) continuous sections, de�ned by a
family {(Ax, τx) : x ∈ X} of general (that is, not necessarily unital and not
necessarily locally convex) topological algebras, are considered in the present
Thesis.

Since the previous work in this �eld has been conducted for the locally
convex case, using the technique of seminorms, new methods, involving neigh-
bourhoods, had to be used in order to deal with the more general case.

De�nitions of the main terms of the Thesis and several results, used later
on, are presented in the second Chapter of the Thesis.

Descriptions of closed (in particular, maximal closed) one-sided ideals in
the algebra of continuous sections de�ned by a family {(Ax, τx) : x ∈ X} of
topological algebras (where the index set X is a completely regular Hausdor�
space), are given in the third Chapter of the Thesis. Here the sections need
not be bounded and the topology on the algebra of sections is not locally
convex in general.

The topological algebra of continuous sections, de�ned by the family
{(A/I, τA/I) : I ∈ I} of quotient algebras of a given topological algebra A
with respect to two-sided ideals I ∈ I in A, is considered in the fourth
Chapter of the Thesis. Conditions, when A is densely embedded into that
topological algebra of sections, and the description of a topological algebra Q
such that A is densely embedded in the topological algebra Cc(I, Q) of con-
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tinuous Q-valued functions on I, endowed with the compact-open topology,
have been given here.

The topological algebra of continuous sections, de�ned by the family
{(A/P, τA/P ) : P ∈ π(A)} (here π(A) denotes the set of all primitive ideals of
a topological algebra A, de�ned by the closed maximal regular left (right) ide-
als) of quotient algebras of a topological algebra A with respect to the closed
primitive ideals of A, are considered in the �fth Chapter. A description of
all closed maximal regular one-sided ideals in A, using the algebra of sections
described above, is also given here.

Some applications of the results, presented in the �fth Chapter, are given
in the sixth Chapter. The descriptions of left and right topological Jacobson
radicals are given, which are used to �nd the conditions when these radicals
coincide, answering partly the question posed in 1964 by B. Yood ([47]).

The results, presented in this Thesis, have been published in [5, 6, 8] and
the paper [7] has been accepted for publishing. The author of this Thesis
has introduced his results at the Sixth Conference on Function Spaces (Ed-
wardsville, 2010), at the 9th International Conference on Topological Algebras
and their Applications (Holon, 2015), at the workshops �Algebra and its ap-
plications� (Vadsa, 2009 and Sokka, 2012) and several times at the seminar
of topological algebras at the University of Tartu.

The author of this thesis is responsible for formulation of some statements,
giving detailed proofs for the results and preparing all the manuscripts. The
statements of the reasearch problems and many of the ideas of solutions belong
to the supervisors.





Chapter 2

Preliminary de�nitions and results

Here we give some essential de�nitions and basic results that we use later on.
Throughout the whole Thesis, let K denote one of the �elds R or C of real or
complex numbers.

2.1 Algebra

An assocative algebra A over K (shortly, an algebra) is an associative ring
which is also a linear space over K and satis�es

(λa)b = λ(ab) = a(λb)

for all λ ∈ K and a, b ∈ A. An algebra A is a unital algebra if the ring A
is unital. Algebra B is a subalgebra of an algebra A if B is a subspace and
a subring of A. A subalgebra B of A is called a proper subalgebra of A if
A 6= B. For every linear space, ring or algebra A, we denote by θA the zero
element of A. If an algebra or a ring A has the unit element, then we denote
it by eA.

2.2 Ideals

Let A be an algebra and I a proper subalgebra of A. We say that I is a
left (right or two-sided) ideal of A if AI ⊂ I (IA ⊂ I or both, AI ⊂ I and
IA ⊂ I, respectively).

2.2.1 Regular ideal

A left (right or two-sided) ideal I of an algebra A is regular (sometimes
also called modular) if there exists an element u ∈ A such that a − au ∈ I

13



14 CHAPTER 2. PRELIMINARY DEFINITIONS AND RESULTS

(a− ua ∈ I or a− au, a− ua ∈ I, respectively) for all a ∈ A. Such element u
is called a right (left or two-sided, respectively) regular unit for I.

If u is a right (left or two-sided) regular unit for a left (right or two-sided,
respectively) ideal I, then u 6∈ I (see [37], Theorem 2.4.6(b), p. 235).

2.2.2 Maximal ideal

Let M be a left (right or two-sided) ideal of an algebra A. If for every left
(right or two-sided, respectively) ideal I of A from the condition M ⊂ I
follows that M = I, then M is called a maximal left (right or two-sided,
respectively) ideal in A.

Every regular left (right or two-sided) ideal of an algebra A is contained in
a maximal regular left (right or two-sided, respectively) ideal of A (see [37],
Theorem 2.4.6(d), p. 236).

2.2.3 Primitive ideal

Let M be a maximal regular left (right) ideal of an algebra A. Then the two-
sided ideal P = {a ∈ A : aA ⊂ M} (P = {a ∈ A : Aa ⊂ M}, respectively) is
called a primitive ideal of A with respect to M .

Every primitive ideal is the intersection of all maximal regular left (right)
ideals containing it (see [37], p. 447).

If M is a closed maximal regular left (right) ideal of a topological algebra
A (see 2.13), then the primitive ideal with respect to M is closed (see [7]).

2.3 Quotient algebra

Let A be a linear space over K, J a linear subspace of A and

a = a+ J = {a+ j : j ∈ J}.

The set
A/J = {a : a ∈ A},

with binary operations

a) a+ b = a+ b for all a, b ∈ A

and

b) kb = kb for all k ∈ K and b ∈ A,
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is also a linear space over K and is called the quotient space of A with respect

to J . The map κ : A → A/J , de�ned by κ(a) = a for every a ∈ A, is called
the canonical homomorphism. In this case kerκ = {a ∈ A : κ(a) = θA/J} = J .

Let A be an algebra, J a two-sided ideal of A and a, A/J , a + b, kb be
de�ned as above for all a, b ∈ A and k ∈ K. It is well known that the quotient
space A/J is an algebra with respect to the multiplication

c) a b = ab for all a, b ∈ A

(see [37], p. 5).
Assume that the quotient space A/J is an algebra with respect to the

multiplication c) and J is a proper subspace of A, but not a left ideal. Then
there exist a ∈ A and j ∈ J such that aj 6∈ J . Now

θA = aθA = aθA = aj = aj,

but this is a contradiction since θA 6= aj and, therefore, J must be a left ideal
in A or J = A. Similarily, J has to be a right ideal in A or J = A. So, A/J
is an algebra if and only if J is a two-sided ideal in the algebra A or J = A.

Let A be an algebra and J a two-sided ideal in A. The quotient algebra
A/J is the quotient space A/J which is also a quotient ring.

If J is a regular two-sided ideal in A, then A/J is a unital algebra.

2.4 A-module

Let A be an algebra andM a linear space over K. The spaceM is called a left
(right) A-module if the module multiplication (a,m)→ am of A×M into M
((m, a)→ ma ofM×A intoM , respectively) is a bilinear map which satis�es
the condition a1(a2m) = (a1a2)m ((ma1)a2 = m(a1a2), respectively) for each
a1, a2 ∈ A and m ∈ M . If M ′ is a subspace of a left (right) A-module M
and for any m ∈ M ′ and a ∈ A the product am (ma, respectively) is in M ′,
then M ′ is called a left (right, respectively) A-submodule of M . A left (right)
A-module M is called nontrivial if AM 6= {θM} (MA 6= {θM}, respectively)
and M is called irreducible if it is nontrivial and the only A-submodules of
M are M and {θM}.

2.5 Representation and antirepresentation

An antihomomorphism π′ : A→ B is a map from an algebra A into an algebra
B that preserves addition and multiplication by scalars (as a homomorphism),
but reverses the order of multiplication, that is, π′(ab) = π′(b)π′(a) for all
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a, b ∈ A. Let X be a linear space over K. Any homomorphism π (antihomo-
morphism π′) of an algebra A into L(X), the algebra of all linear maps from
X to X, is called a representation (antirepresentation, respectively) of A on
X. Every representation π (antirepresentation π′) of A on X de�nes on X a
left (right, respectively) module multiplication ·π (·π′ , respectively), if we put
a ·π x = π(a)(x) (x ·π′ a = π′(a)(x), respectively) for each a ∈ A and x ∈ X.
In this case X becomes a left (right, respectively) A-module. We denote it
by Xπ (Xπ′ , respectively). A representation π (antirepresentation π′, respec-
tively) of A on X is irreducible if Xπ (Xπ′ , respectively) is an irreducible left
(right, respectively) A-module. Let x0 ∈ X and de�ne %π,x0 : A→ Xπ by

%π,x0(a) = a ·π x0,

and %π′,x0 : A→ Xπ′ by
%π′,x0(a) = x0 ·π′ a,

for all a ∈ A. In case π is a representation of A on X and, thus, Xπ is a left
A-module, then

ker %π,x0 = {a ∈ A : a ·π x0 = θA}
is a left ideal of A. In case π′ is an antirepresentation of A on X and, thus,
Xπ′ is a right A-module, then

ker %π′,x0 = {a ∈ A : x0 ·π′ a = θA}

is a right ideal of A. We say that x0 is a left (right) cyclic element of Xπ

(Xπ′ , respectively), if A ·π x0 = Xπ (x0 ·π′ A = Xπ′ , respectively). Moreover,
denote by

idπ,r(x0) = {e ∈ A : e ·π x0 = x0}
and

idπ′,l(x0) = {e ∈ A : x0 ·π′ e = x0}
the sets of one-sided units for an element x0.

2.6 Jacobson radical

The intersection Rad(A) of kernels of all irreducible representations of an
algebra A on all linear spaces is called the Jacobson radical of A. If there are
no irreducible representations of A at all, then A is called a radical algebra (in
this case Rad(A) = A) and if Rad(A) = {θA}, then A is called a semi-simple
algebra.

The Jacobson radical Rad(A) can also be de�ned by kernels of all irre-
ducible antirepresentations. Since those two de�nitions of a Jacobson radical
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coincide (see, for example, [35], p. 197), then the Jacobson radical is usually
de�ned by the representations only.

If A is not a radical algebra, then the Jacobson radical Rad(A) is the
intersection of all maximal regular left (or right) ideals in A (see [38], Theorem
2.3.2(ii), p. 55).

2.7 Topological space

A topological space is a pair (X, τ), where X is a set and τ is a collection of
subsets of X, satisfying the following axioms:

a) the empty set ∅ and X itself belong to τ ;

b) any (�nite or in�nite) union of elements of τ belongs to τ ;

c) the intersection of any �nite number of elements of τ belongs to τ .

The elements of τ are called open sets and the collection τ is called a topology
on X. A set F ⊂ X is said to be closed in X if X \ F ∈ τ . A subset
β ⊂ τ is called a base of τ if every element of τ can be written as a union of
some elements of β. Let S ⊂ X. The intersection clX(S) of all closed sets
of X, containing S, is called the closure of S in X. A set V ⊂ X is called a
neighbourhood of x in X if there exists O ∈ τ such that x ∈ O ⊂ V . A set
Bx of neighbourhoods of x ∈ X is a base of neighbourhoods of x if for every
neighbourhood V of x, there exists O ∈ Bx such that O ⊂ V .

Let (X, τX) and (Y, τY ) be topological spaces and f : X → Y . It is said
that the map f is continuous if f−1(U) ∈ τX for every U ∈ τY .

Below we de�ne some classes of topological spaces.

2.7.1 Hausdor� space

A topological space X is said to be a Hausdor� (or separated) space if for
every x and y in X there exist neighbourhoods Vx of x and Vy of y in X
satisfying

Vx ∩ Vy = ∅.

2.7.2 Compact space

A subset Y ⊂ X of a topological space X is said to be compact if for every
open cover {Ui : i ∈ I} of Y (that is, every Ui (i ∈ I) is open in X and
Y ⊂ ⋃i∈I Ui) there is a �nite set F ⊂ I such that {Ui : i ∈ F} is still a cover
of Y . A topological space X is called compact if X is compact subset in X. A
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subset Z ⊂ X in a topological space X is called relatively compact if clX(Z)
is compact in X.

2.7.3 Completely regular space

A topological space X is a completely regular space i� for every closed subset
C ofX and every point x ∈ X\C, there is a continuous function f : X → [0, 1]
such that f(x) = 0 and f(C) = {1}.

2.8 Lebesgue covering dimension

Let X be a topological space and U an open cover of X. Consider how many
elements of the cover U contain a given point in X. If this has a maximum
over all the points of X, then this maximum is called the order of the cover U .
It is said that a topological space X has Lebesgue covering dimension m if for
every open cover of that space, there is an open cover that re�nes it such that
the re�nement has order at most m + 1. We denote by dimX the Lebesgue
covering dimension of a completely regular space X (see, e.g., [25], p. 243).
If a topological space X does not have Lebesgue covering dimension m for
any m ∈ N, the space X is said to have in�nite Lebesgue covering dimension.

2.9 Product topology

Let (Yi, τi)i∈I be a family of topological spaces. The product topology τ on

Y =
∏

i∈I
Yi =

{
f : I →

⋃

i∈I
Yi, f(i) ∈ Yi

}

is the weakest topology such that all the projections

prj : Y → Yj, (j ∈ I),

de�ned by prj(f) = f(j) for every j ∈ I and f ∈ Y , are continuous.
The sets ∏

i∈I
Vi (2.1)

with Vi ⊂ Yi open for each i ∈ I and {i ∈ I : Vi 6= Yi} �nite, form a base
of the product topology τ (see, e.g., [23], p. 44). So, the open sets in the
product topology are unions of sets of the form (2.1).
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If s ∈ Y and U is a neighbourhood of s in Y , then there is a family (Ui)i∈I
such that ∏

i∈I
Ui ⊂ U,

where Ui is a neighbourhood of s(i) for all i ∈ I and {i ∈ I : Ui 6= Yi} is �nite
(see [23], Theorem 7.5, p. 45).

2.10 Topological linear space

A topological linear space X over K (shortly, a topological linear space X) is
de�ned as a linear space over K that is endowed with a topology such that
the multiplication by scalars K × X → X, de�ned by (λ, x) 7→ λx, and the
addition X ×X → X, de�ned by (x, y) 7→ x+ y, are continuous maps. Here
X ×X and K×X are endowed with the product topologies.

Let O be a neighbourhood of x in a topological linear space X. If x = λy,
then there are neighbourhoods Oλ of λ in K and Oy of y in X such that
OλOy ⊂ O, and, if x = y + z, then there are neighbourhoods Oy of y and Oz

of z in X such that Oy +Oz ⊂ O.
If V is a neighbourhood of zero (that is, a neighbourhood of θX) in X,

then x+ V is a neighbourhood of x in X.

2.11 Quotient topology

Let X be a topological linear space, Y a linear subspace of X and
κ : X → X/Y the canonical homomorphism. The quotient topology on X/Y
is de�ned as the �nal topology with respect to κ, that is, the �nest topology
that makes κ continuous.

A subset U ⊂ X/Y is open in the quotient topology if and only if κ−1(U)
is open in X.

A subspace Y is closed in X if and only if X/Y is a Hausdor� space (see
[42], result 2.3, p. 20).

2.12 Approximation property

It is said that a topological linear space X has the approximation property if
for each (relatively) compact subset K ⊂ X and each neighbourhood O of
zero in X there is a linear continuous �nite-dimensional operator L : X → X
(i.e., L(X) is a �nite dimensional subspace in X) such that L(x)− x ∈ O for
each x ∈ K.
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2.13 Topological algebra

Let A be an algebra endowed with a topology τA.
For every a ∈ A, let the maps la : A → A and ra : A → A be de�ned by

la(x) = ax and ra(x) = xa, respectively, for every x ∈ A. We say that the
multiplication A×A→ A, de�ned by (a, b) 7→ ab, is separately continuous, if
all the maps la and ra (a ∈ A) are continuous in τA.

The continuous multiplication, as a mapping A × A → A, is also called
jointly continuous multiplication in contrast with separately continuous mul-
tiplication.

In general, separate continuity of multiplication need not imply joint con-
tinuity even in case of normed algebras (see [40], p. 247 and 272).

If the multiplication in A is jointly continuous, then it is separately con-
tinuous. If the topology of A is complete and metrizable, then separately
continuous multiplication in A is jointly continuous (see, for example [48],
Theorem 1.5, or [31], Theorem A.6.1).

A topological linear space A over K is called a topological algebra over

K (shortly, a topological algebra) if there has been de�ned an associative
multiplication in A such that

a) A is an algebra over K;

b) the multiplication in A is separately continuous.

Let O be a neighbourhood of x in a topological algebra A. If x = yz,
then there are neighbourhoods Oy of y and Oz of z in A such that Oyz ⊂ O
and yOz ⊂ O. If the multiplication is jointly continuous, then, for every
neighbourhood O of x, there are neighbourhoods Oy of y and Oz of z in A
such that OyOz ⊂ O.

2.14 Quasi-invertibility

Let A be a topological algebra. An element r of A is called left quasi-invertible
if there is an element p ∈ A such that

p ◦ r = p+ r − pr = θA,

that is, A ◦ r = A. An element r of A is topologically left quasi-invertible if
there is a net (pλ)λ∈Λ in A such that the net (pλ ◦ r)λ∈Λ converges to θA, that
is, A◦r is dense in A. We denote by QinvlA the set of all left quasi-invertible
elements of A and by TqinvlA the set of all topologically left quasi-invertible
elements of A. The sets Qinvr A of all right quasi-invertible elements of A and
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Tqinvr A of all topologically right quasi-invertible elements of A are de�ned
similarily.

It is said that an element r ∈ A is (topologically) quasi-invertible if r is
(topologically) left and (topologically) right quasi-invertible. We denote by
(TqinvA) QinvA the set of all (topologically) quasi-invertible elements of A.

2.15 Topological A-module

Let A be a topological algebra and M a left (right) A-module over the same
�eld. If, in addition, M is a topological linear space (over the same �eld) in
which the module multiplication is separately continuous, then M is called a
topological left (right) A-module.

2.16 Some classes of topological algebras

In this section we give the de�nitions of some classes of topological algebras
used in the present Thesis.

2.16.1 Banach algebra

Topological algebra A is called a normed algebra if the topology of A is de�ned
by submultiplicative norm, that is ||ab|| ≤ ||a|| ||b|| for each a, b ∈ A.

A normed algebra which is complete in its norm is called a Banach algebra.

2.16.2 C∗-algebra

An involution on an algebra A is a map ∗ : A→ A satisfying

a) (a+ b)∗ = a∗ + b∗;

b) (λa)∗ = λ∗a∗;

c) (ab)∗ = b∗a∗;

d) (a∗)∗ = a

for all a, b ∈ A and λ ∈ K, where λ∗ is the conjugate of λ. A Banach algebra
in which the norm and involution are related by the condition ||a∗a|| = ||a||2
is called a C∗-algebra.
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2.16.3 Locally pseudoconvex algebra and locally

m-pseudoconvex algebra

A topological algebra A is called locally pseudoconvex if it has a base
{Ui : i ∈ I} of neighbourhoods of zero which consists of balanced (that is,

µa ∈ Ui if a ∈ Ui and |µ| ≤ 1) and pseudoconvex (that is, Ui +Ui ⊂ 2
1
kiUi for

some ki ∈ (0, 1]) sets Ui. It is well known (see [19], p. 189) that the topol-
ogy on A can be given by a family {pi : i ∈ I} of ki-homogeneus seminorms.
Moreover, if ki = 1 for every i ∈ I, then the algebra A is called a locally

convex algebra. In particular, if all seminorms pi of a locally pseudoconvex
algebra A satisfy the condition pi(ab) ≤ pi(a)pi(b) for all a, b ∈ A, then A
is called a locally multiplicatively pseudoconvex or a locally m-pseudoconvex

algebra. Similarly, if ki = 1 for every i ∈ I, then the algebra A is called a
locally m-convex algebra.

2.16.4 Q-algebra

A topological algebra A is called a Q-algebra, if the set QinvA of all quasi-
invertible elements of A is open in A. In case when A is a unital algebra, then
A is a Q-algebra, if the set InvA of all invertible elements of A is open in A.

All Banach algebras and many others are Q-algebras.

2.16.5 Advertive algebra

We say that a topological algebra A is left advertive, if TqinvlA = QinvlA,
right advertive, if Tqinvr A = Qinvr A, and advertive, if it is both left and
right advertive.

It is known that every Q-algebra is an advertive algebra (see, for example,
[11], Proposition 2).

2.16.6 Simplicial algebra

In topological algebras, every closed regular left (right) ideal is contained
in at least one maximal regular left (right, respectively) ideal which is not
necessarily closed. A topological algebra A is called left (right) simplicial, if
every closed regular left (right, respectively) ideal of A is contained in a closed
maximal regular left (right, respectively) ideal of A, and simplicial (or normal
in the sense of Michael, see [34]), if it is both left and right simplicial. It is
known (see [13], Corollary 5) that every commutative locallym-pseudoconvex
Hausdor� unital algebra is simplicial.

Every Q-algebra is simplicial algebra.
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2.16.7 Gelfand-Mazur algebra

A topological algebra A is called a Gelfand-Mazur algebra, if the quotient
algebra A/M is topologically isomorphic to K for each closed regular two-
sided ideal M of A which is maximal as left or right ideal. Thus, Gelfand-
Mazur algebras are exactly those topological algebras in which the Gelfand
theory (that is well known in case of commutative Banach algebras) holds.
Most of the topological algebras, that are applicable in practice, are Gelfand-
Mazur algebras. Interested reader can �nd main classes of these algebras in
[2] or [10].

2.16.8 Waelbroeck algebra

A topological algebra A is called a Waelbroeck algebra (see [33]) or an algebra

with continuous inverse (see [45]), if A is a Q-algebra in which the quasi-
inversion (if A has the unit element, then inversion) is continuous.

Banach algebras and many other topological algebras are Waelbroeck al-
gebras.

2.16.9 Algebra Lτ(X)

Let X be a topological linear space and Lc(X) the set of all continuous linear
maps from X to X. If we de�ne the addition of elements and the multiplica-
tion over K in Lc(X) point-wise and the multiplication of elements in Lc(X)
by the composition, then Lc(X) is an algebra (non-commutative in general).

We endow Lc(X) with the topology τ of simple convergence. A base of
neighbourhoods of f ∈ Lc(X) in τ consists of sets

Tf (S,O) = {L ∈ Lc(X) : (L− f)(S) ⊂ O},

where S is a �nite subset of X and O is a neighbourhood of zero in X (see
[42], Chapter 3).

The algebra Lτ (X) (Lc(X) endowed with the topology τ of simple con-
vergence) is a topological algebra. To prove this, we need to show that the
multiplication by scalars and the addition in Lτ (X) are continuous and the
multiplication in Lτ (X) is separately continuous.

Let f ∈ Lτ (X) and Of be a neighbourhood of f in τ . In order to prove the
continuity of a map, it is su�cient to consider only the base neighbourhoods,
so let Of = Tf (S,O), for some �nite set S ⊂ X and some neighbourhood O
of zero in X.
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Let λ ∈ K and g ∈ Lτ (X) be such that f = λg. Since X is a topological
linear space, there are neighbourhoods Vλ,x ⊂ K of λ and Ug(x) ⊂ X of g(x)
such that Vλ,xUg(x) ⊂ f(x) +O for every x ∈ S.

Let now
Vλ =

⋂

x∈S
Vλ,x

and
U =

⋂

x∈S
(Ug(x) − g(x)).

Then U is a neighbourhood of zero in X and Tg(S, U) is a neighbourhood of
g in Lτ (X). If f ′ ∈ VλTg(S, U), then there are λ′ ∈ Vλ and g′ ∈ Tg(S, U) such
that f ′ = λ′g′. Now

(f ′ − f)(x) = (λ′g′ − f)(x)

= λ′[(g′ − g)(x) + g(x)]− f(x)

∈ Vλ[U + g(x)]− f(x)

⊂ Vλ,x[Ug(x) − g(x) + g(x)]− f(x)

= Vλ,xUg(x) − f(x)

⊂ f(x) +O − f(x) = O

for every x ∈ S, which means that f ′ ∈ Tf (S,O). Therefore, VλTg(S, U) ⊂ Of

and the multiplication by scalars is continuous in Lτ (X).
Let f = g+h for some g, h ∈ Lτ (X). Since X is a linear topological space,

there is a neighbourhood V of zero in X such that V + V ⊂ O. So, Tg(S, V )
is a neighbourhood of g and Th(S, V ) is a neighbourhood of h in Lτ (X). If
f ′ ∈ Tg(S, V ) + Th(S, V ), then there are g′ ∈ Tg(S, V ) and h′ ∈ Th(S, V ) such
that f ′ = g′ + h′. Now

(f ′ − f)(x) = (g′ + h′ − g − h)(x)

= (g′ − g)(x) + (h′ − h)(x)

∈ V + V ⊂ O

for every x ∈ S, which means that f ′ ∈ Tf (S,O). Therefore,

Tg(S, V ) + Th(S, V ) ⊂ Of

and the addition is continuous in Lτ (X).
Let now g, h ∈ Lτ (X) and f = g ◦ h (the composition of maps h and g).

Then h(S) is a �nite set and g−1(O) is a neighbourhood of zero in X. Hence,
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Tg(h(S), O) is a neighbourhood of g and Th(S, g−1(O)) is a neighbourhood of
h in Lτ (X). If g′ ∈ Tg(h(S), O), then

(g′ ◦ h− f)(x) = (g′ ◦ h− g ◦ h)(x) = (g′ − g)(h(x)) ∈ O

for every x ∈ S, which means that g′◦h ∈ Of . Similarily, if h′ ∈ Th(S, g−1(O)),
then

(g ◦ h′ − f)(x) = (g ◦ h′ − g ◦ h)(x) = g((h′ − h)(x)) ∈ g(g−1(O)) ⊂ O

for every x ∈ S, which means that g◦h′ ∈ Of . Therefore, Tg(h(S), O)◦h ⊂ Of

and g◦Th(S, g−1(O)) ⊂ Of . Hence, the multiplication is separately continuous
in Lτ (X). Consequently, the algebra Lτ (X) is a topological algebra.

If X is a Hausdor� linear space, then Lτ (X) is a Hausdor� algebra. To
show this, let f, g ∈ Lτ (X). If f 6= g, then there is x ∈ X such that
f(x) 6= g(x). Since X is a Hausdor� space, then there are neighbourhoods
O1 of f(x) and O2 of g(x) in X such that O1∩O2 = ∅. Now, neighbourhoods
Tg({x}, O1) of f and Tg({x}, O2) of g in Lτ (X) are disjoint.

2.17 Topological radicals

The left (right) topological radical of a topological algebra A is de�ned as the
intersection radl(A) (radr(A), respectively) of kernels of all continuous irre-
ducible representations (antirepresentations, respectively) of A on all Haus-
dor� linear spaces. If A has no continuous irreducible representations (an-
tirepresentations) at all, then we say that A is a topologically left (right,
respectively) radical algebra. In this case radl(A) = A (radr(A) = A, re-
spectively). In case radl(A) 6= A (radr(A) 6= A), we say that A is a topo-

logically left (right, respectively) nonradical algebra and if radl(A) = {θA}
(radr(A) = {θA}), we say that A is a topologically left (right, respectively)
semi-simple algebra.

In general, radl(A) 6= radr(A). A class of topological algebras, in which
radl(A) = radr(A), is described in [4].





Chapter 3

Closed ideals in algebras of

sections

Let A and X be a topological spaces and π : A → X a continuous sur-
jection such that Ax = π−1(x) is a topological algebra for evry x ∈ X.
A map s : X → A is a section of π if π(s(x)) = x for all x ∈ X. So,
s(x) ∈ Ax = π−1(x) for every x ∈ X. We denote by τx the subset topology
on Ax, de�ned by the topology of A. Now we have a family (Ax, τx)x∈X of
topological algebras. Consider the family

F ⊂
{
s : X →

⋃

x∈X
Ax : s(x) ∈ Ax for each x ∈ X

}
=
∏

x∈X
Ax

of continuous sections. Let evx : F → Ax be an evaluation map for each
x ∈ X, that is, evx(s) = s(x) for every s ∈ F , and therefore,

evx(F) = {s(x) : s ∈ F} ⊂ Ax.

Notice, that evx = prx |F for each x ∈ X, where prx :
∏

y∈X Ay → Ax is the
projection for every x ∈ X.

We shall call F an algebra of continuous sections for the family (Ax, τx)x∈X
of topological algebras (in short, an algebra of sections) if it ful�lls the follow-
ing conditions:

(F1) F is an algebra under pointwise de�ned operations;

(F2) Ax = evx(F) for any x ∈ X;

(F3) F is a two-sided C(X)-module.

By (F1) and (F3), the algebraic operations in F are de�ned by

27
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1) (s+ t)(x) = s(x) + t(x) for s, t ∈ F and x ∈ X;

2) (sλ)(x) = (λs)(x) = λs(x) for λ ∈ K, s ∈ F and x ∈ X;

3) (st)(x) = s(x)t(x) for s, t ∈ F and x ∈ X;

4) (fs)(x) = f(x)s(x) = (sf)(x) for f ∈ C(X), s ∈ F and x ∈ X.

The zero element θF in F is de�ned by θF(x) = θAx for all x ∈ X and the
topology we consider on F is induced by the product topology of

∏

x∈X
Ax.

Note that, from the algebraic point of view, F is a subdirect product of the
algebras Ax (x ∈ X).

If H is a subalgebra of F , then evx(H) is a subalgebra of Ax. If I is a
left (right or two-sided) ideal in F , then evx(I) is a left (right or two-sided,
respectively) ideal in Ax or evx(I) = Ax.

For x ∈ X and Hx ⊂ Ax, let

F(x,Hx) = {s ∈ F : s(x) ∈ Hx}.

Now one can write F = F(x,Ax) for any x ∈ X. If Ix is a left (right or two-
sided) ideal in Ax, then F(x, Ix) is a left (right or two-sided, respectively)
ideal in F . We also mention that

⋂

x∈X
F (x,Hx) =

⋂

x∈X
{s ∈ F : s(x) ∈ Hx}

= {s ∈ F : s(x) ∈ Hx, x ∈ X} = F ∩
∏

x∈X
Hx,

where Hx ⊂ Ax for all x ∈ X.
Let A be a topological algebra. A net (eλ)λ∈Λ in A is called a left approx-

imate identity (right approximate identity) of A, abbreviated l.a.i. (r.a.i.,
respectively), if

lim
λ
eλa = a (lim

λ
aeλ = a, respectively)

for every a ∈ A. An approximate identity (a.i. in short) is a l.a.i. which is
also a r.a.i.

The structure of algebras of continuous and bounded sections, de�ned
by Banach algebras or locally convex algebras, and ideals of such algebras
has been investigated by Kaplansky ([30]), Naimark ([35]), Arzumanyan and
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Grigoryan ([18]), Roch and Silbermann ([39]), Kitchen and Robbins ([32]),
Sc rl tescu-Murea ([41]) and others. In those papers, algebras of sections for
a family of Banach algebras ([30, 35, 39]), C∗-algebras ([18]), commutative
locally multiplicatively convex algebras ([32]) and locally convex ∗-algebras
([41]), were studied. The sections here are continuous but not bounded (or
bounded on elements of a cover of X) in general and therefore the topology
is not necessarily locally convex as is the case in e. g. [29].

Our aim in the paper [5] was to give the description of ideals of algebras
of sections in case when (Ax, τx)x∈X are topological algebras with an a. i.
and the space X is a completely regular Hausdor� space, also known as a
Tychono� space.

Proposition 1. Let F be an algebra of sections for a family (Ax, τx)x∈X of

topological algebras. If F has a l.a.i (r.a.i.) then every closed left (right,
respectively) ideal in F is a C(X)-submodule.

The next result is similar to Theorem 3.1 in [30].

Theorem 2. Let F be an algebra of sections for a family (Ax, τx)x∈X of

topological algebras indexed by a set X. Let K ⊂ X be a non-empty subset

and Ix a closed left (right or two-sided) ideal in Ax for each x ∈ K. Then

I =
⋂

x∈K
F (x, Ix)

is a closed left (right or two-sided, respectively) ideal in F .

Similarly to the description of some closed ideals of F in the previous
theorem, we can describe some dense subsets in F .

Theorem 3. Let F be an algebra of sections for a family (Ax, τx)x∈X of

topological algebras indexed by a completely regular Hausdor� space X. If

Dx ⊂ Ax is a dense subset for each x in a �nite subset P ⊂ X, then

D =
⋂

x∈P
F(x,Dx)

is dense in F .

The next corollary describes some closed ideals of F in the form of an
intersection of closed ideals with known structure.

Corollary 4. Let (Ax, τx)x∈X be a family of topological algebras indexed by

a completely regular Hausdor� space X. Let F be an algebra of sections,



30 CHAPTER 3. CLOSED IDEALS IN ALGEBRAS OF SECTIONS

as above, and I ⊂ F a closed left (right or two-sided) ideal which is also a

C(X)-submodule. Then there is a subset K ⊂ X such that evx(I) is a left

(right or two-sided, respectively) ideal in Ax for all x ∈ K and

I =
⋂

x∈K
F
(
x, evx(I)

)
=
⋂

x∈X
F
(
x, evx(I)

)
.

Now we give the description of all maximal closed ideals in F .

Theorem 5. Let F be an algebra of sections for a family (Ax, τx)x∈X of

topological algebras indexed by a completely regular Hausdor� space X. If

every closed left (right or two-sided) ideal in F is a C(X)-submodule and I is
a maximal closed left (right or two-sided) ideal in F , then there is a unique

x0 ∈ X and a unique maximal closed left (right or two-sided, respectively)
ideal Ix0 ⊂ Ax0 such that

I = F(x0, Ix0).

The next theorem gives a simple description for some quotient spaces of
algebras of sections.

Theorem 6. Let F be an algebra of sections for a family (Ax, τx)x∈X of

topological algebras indexed by a completely regular Hausdor� space X. If Ix0
is a two-sided ideal in Ax0 for some x0 ∈ X, then Ax0/Ix0 and F/F(x0, Ix0)
are topologically isomorphic.

In the following (see also [9]), we present one special case when the set K
is closed.

Theorem 7. Let F be an algebra of sections for a family (Ax, τx)x∈X of

unital topological algebras indexed by a completely regular Hausdor� space X.

Assume that the set

s−1

(⋃

x∈X
InvAx

)
(3.1)

is open in X for each s ∈ F . Then for every closed left (right
or two-sided) ideal I ⊂ F , which is a C(X)-submodule of F , the set

K = {x ∈ X : evx(I) 6= Ax} is closed in X.

Remark 8. If Ax is a Q-algebra for every x ∈ X, then the set, described by

(3.1), is open in X for each s ∈ F .



Chapter 4

Representations of topological

algebras

Let A be a topological algebra and I a nonempty set of two-sided ideals of
A. We consider the product

Γ =
∏

I∈I
A/I (4.1)

of the quotient algebras. Here the topology of each quotient algebra is the
quotient topology (see section 2.11) and the topology of the product space is
the product topology (see section 2.9). For each I ∈ I, let κI : A → A/I be
the canonical homomorphism. For each a ∈ A and I ∈ I, let aˆ(I) = κI(a).
Then aˆ ∈ Γ for each a ∈ A. We de�ne Υ: A → Γ with Υ(a) = aˆ for each
a ∈ A and study the properties of the map Υ. This is done in [2] for the
case when A is a unital topological algebra over C and the set I of ideals is
generated by the maximal ideals of the center of the algebra A.

Several mathematicians have studied representations of topological alge-
bras as subalgebras of some topological algebras of vector-valued functions.

In [41], the set I of ideals is generated by a unital commutative lo-
cally C∗-subalgebra (see [24]) of a unital hereditarily complete1 locally
C∗-algebra A.

We study the case when there is a nonempty collection I of two-sided
ideals of a topological algebra A and a topological algebra Q which is topo-
logically isomorphic to all of the quotient algebras A/I, where I ∈ I.
Example 9. If A is a Gelfand-Mazur algebra and I ⊂ m(A) (the set of all
closed regular two-sided ideals of A which are maximal as left or right ideals),
then Q = K.

1Topological algebra A is hereditarily complete, if it is complete and for every closed

two-sided ideal I of A, the quotient algebra A/I is also complete.
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Example 10. Let X be a compact Hausdor� space, A be a Banach algebra,
A = C(X,A) (the algebra of all continuous maps from X to A) endowed
with the uniform topology, εx : A → A be an onto homomorphism, de�ned
by εx(f) = f(x) for each f ∈ C(X,A) and x ∈ X. Here every ker εx is a
closed two-sided ideal in A because all εx (x ∈ X) are continuous. Then
πx : A/ ker εx → εx(A) = A, de�ned by πx(f + ker εx) = f(x) for each f ∈ A
and x ∈ X, is a continuous isomorphism. Since A and A are Banach algebras,
then πx is an open map for each x ∈ X by the open-mapping theorem. Hence,
A/ ker εx and A are topologically isomorphic for each x ∈ X. It means that,
in this case, Q = A.

For a Banach algebra A, a similar construction is used in Proposition
2.2.31 in [21] (p. 180), where the quotient algebras are matrix algebras.

In [43] and [44], a locally convex algebra E is represented as a subalgebra
of C(M(E,F ), F ), where F is a locally convex algebra,M(E,F ) is the set of
all nonzero continuous algebra homomorphisms of E into F , equipped with
the topology of simple convergence on E, and C(M(E,F ), F ) is the algebra
of all continuous F -valued maps onM(E,F ).

Our aim is to represent A as a subalgebra of Cc(I, Q) of all continuous
functions from I to Q in compact-open topology.

The next proposition asserts that Γ, de�ned by (4.1) for topological alge-
bras, is a topological algebra.

Proposition 11. Let X be a nonempty set and (Ax, τx)x∈X a family of topo-

logical algebras. Then Γ, de�ned by (4.1), is, under pointwise de�ned algebraic
operations and the product topology, a topological algebra.

Let X and Xλ (λ ∈ Λ) be topological spaces and fλ : X → Xλ for every
λ ∈ Λ. It is said that the collection {fλ : λ ∈ Λ} of maps separates points

from closed sets in X i� whenever K is a closed subset of X and x 6∈ K, then
fλ(x) 6∈ clXλ(fλ(K)) for some λ ∈ Λ.

Next, we need the following result.

Lemma 12. Let X be a topological space, Xλ a completely regular space and

fλ : X → Xλ a continuous map for each λ ∈ Λ. If the collection {fλ : λ ∈ Λ}
of maps separates points from closed sets in X, then X is a completely regular

space.

Using Lemma 12, we have the next result.

Proposition 13. Let A be a topological algebra and I a collection of two-sided

ideals of A. The following statements are equivalent:
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a) for any �nite subset I0 ⊂ I and nonempty sets VI ∈ τA/I (I ∈ I0) the

intersection ⋂

I∈I0
κ−1
I (VI)

is nonempty;

b) Υ(A) is dense in Γ.

In case when there is a nonempty collection I of two-sided ideals of A
and a topological algebra (Q, τQ) which is topologically isomorphic to all of
the quotient algebras A/I, where I ∈ I, let %I : A/I → Q be the topological
isomorphisms for all I ∈ I. Now, for each a ∈ A, let a˜ : I → Q be de�ned
by a˜(I) = %I(κI(a)) for all I ∈ I.

We endow the set I with the initial topology τI de�ned by the family
{a˜ : a ∈ A}, that is, with the smallest topology on I such that all the maps
a˜ (a ∈ A) are continuous.

Next we have the following result that gives conditions under which Υ(A)
is dense in Cc(I, Q).

Theorem 14. Let I be a completely regular Hausdor� space and Q a Haus-

dor� algebra with unit eQ. Let A be a Cc(I,K)-module and a Q-module with
unit eA such that

(αeA)∼(I) = α(I)eA
∼(I) (4.2)

for all α ∈ Cc(I,K) and I ∈ I. Moreover, let one of the following conditions

be true:

a) Q is locally convex;

b) Q has the approximation property;

c) dimQ is �nite.

Then2 L(Cc(I,K)Q) ⊂ Υ(A) and Υ(A) = Cc(I, Q).

Example 15. We show that the algebra A = Cc(X,K) of continuous func-
tions on a completely regular Hausdor� space X in compact-open topology
satis�es the condition (4.2). For each x ∈ X and f ∈ A de�ne δx : A → K
by δx(f) = f(x). Then I = {ker δx : x ∈ X} is the set of all closed maxi-
mal ideals of A and the map ν : X → {δx : x ∈ X}, de�ned by ν(x) = δx
for each x ∈ X is a homeomorphism (see [22], Theorem 1). Moreover, the
map σ : {δx : x ∈ X} → I, de�ned by σ(δx) = ker δx for every x ∈ X, is an

2Here L(B) denotes the linear span of B.
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injection by Lemma 7.2 in [33] and obviously an onto map. Therefore, we can
de�ne the topology on I such that I is a completely regular Hausdor� space.
Since A is a commutative Gelfand-Mazur algebra (see [10]) and every closed
maximal regular ideal of A has the form ker δx, then %x : A/ ker δx → K, de-
�ned by %x(f+ker δx) = f(x) for each f ∈ A, is a topological isomorphism for
every x ∈ X. Let κx : A→ A/ ker δx be the canonical map, then δx = %x ◦ κx
for every x ∈ X. We de�ne the module multiplication in A over Cc(I,K) by

(αf)(x) = α[σ ◦ ν(x)]f(x) = α(ker δx)f(x)

for each α ∈ Cc(I,K), f ∈ Cc(X,K) and x ∈ X. Then A is a Cc(I,K)-module
and Q = K. Now,

(αeA)∼(ker δx) = (%x ◦ κx)(αeA) = δx(αeA) = (αeA)(x)

= α[σ ◦ ν(x)]1 = α(ker δx)e
∼
A(ker δx),

that is, (4.2) holds for all α ∈ Cc(I,K) and I ∈ I.

Example 16. It is possible to show in a similar way that the algebra C(X,A)
of Example 10 satis�es the condition (4.2). In this case we take Q = A and
I = {ker εx : x ∈ X}, where εx is de�ned as in Example 10, de�ne the module
multiplication over Cc(I, A) by

(αf)(x) = α(ker εx)f(x)

for each α ∈ Cc(I, A), f ∈ C(X,A) and x ∈ X and the module multiplication
over A by

(af)(x) = af(x)

for each a ∈ A, f ∈ C(X,A) and x ∈ X. Then I is a nonempty set of
closed two-sided ideals in A because εx is a continuous homomorphism from
C(X,A) to A for each x ∈ X.



Chapter 5

Closed maximal one-sided ideals

All closed maximal regular one-sided ideals in some classes of Gelfand-Mazur
algebras are described in [1, 2, 3] and [36]. All closed maximal regular one-
sided ideals in topological algebras are described in [7] by primitive ideals.

The next lemma describes the properties of the quotient map which is also
a group homomorpism.

Lemma 17. Let A be an Abelian group, I, J , M and N subgroups of A,
P a subset of A, Q a nonempty subset of A, and R a subset of A/I. Let

κI : A→ A/I be the quotient map. Then

a) κ−1
I (κI(P )) = I + P,

b) κI(P ) = A/I if and only if I + P = A,

c) κ−1
I (κI(M)) = M if and only if I ⊂M ,

d) if I ⊂M and I ⊂ N , then κI(M) = κI(N) if and only if M = N ,

e) if κI(P ) = κJ(Q), then I = J ,

f) κI(κ
−1
I (R)) = R.

Now we turn our attention to the properties of the preimage of a left (right
or two-sided) ideal. Parts a) and b) of Lemma 18 are similar to parts (i) and
(ii) of Lemma 1.2.17 in [19], respectively.

Lemma 18. Let A and B be algebras and f : A→ B a homomorphism.

a) For any left (right or two-sided) ideal J of B, f−1(J) is a left (respec-
tively, right or two-sided) ideal of A or f−1(J) = A.
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b) If J is a regular left (right or two-sided) ideal of B with a right (respec-
tively, left or two-sided) regular unit u ∈ f(A), then f−1(J) is a regular

left (respectively, right or two-sided) ideal of A with any v ∈ f−1(u) as
a right (respectively, left or two-sided) regular unit of f−1(J).

c) If I ⊂ A is a left (right or two-sided) ideal and ker f ⊂ I, then

f(I) 6= B.

The next result remains true also in case of groups, subgroups and group
homomorphisms. In case A and B are algebras, by an epimorphism f : A→ B
we mean a surjective homomorphism.

Lemma 19. Let A and B be algebras, M ⊂ A a maximal left (right or
two-sided) ideal of A, and f : A → B an epimorphism. Then the following

statements are equivalent:

a) ker f ⊂M ;

b) ker f +M 6= A;

c) f(M) 6= B;

d) f(M) is a maximal left (respectively, right or two-sided) ideal of B.

Now we enrich the previous results with topology.

Lemma 20. a) Let A and B be topological algebras, I ⊂ A a closed left (right
or two-sided) ideal of A, f : A→ B an epimorphism and clB f(I) 6= B.
Then clB f(I) is a closed left (respectively, right or two-sided) ideal

of B.

b) Let f : A → B be a continuous open epimorphism, I a closed regular

left (right or two-sided) ideal of A and ker f ⊂ I. Then clB f(I) 6= B.

c) Let f : A→ B be a continuous open epimorphism, M a closed maximal

regular left (right or two-sided) ideal of A and ker f ⊂M . Then f(M)
is a closed maximal regular left (respectively, right or two-sided) ideal
of B.

We denote by Ml(A) (Mr(A)) the set of all maximal left (respectively,
right) ideals of A and byml(A) (mr(A) ormt(A)) the set of all closed maximal
regular left (respectively, right or two-sided) ideals of A. In addition, let πl(A)
(πr(A)) be the set of all closed primitive ideals of A, de�ned by closed maximal
regular left (respectively, right) ideals. For any closed ideal I ⊂ A, let

hAk (I) = {M ∈ mk(A) : I ⊂M},
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where k = l, k = r or k = t.
Using the previous lemmas, we get the following results. First, we describe

the relationship between closed maximal regular left (right or two-sided) ideals
in topological algebras A and B, provided that there is a continuous open
epimorphism f : A→ B.

Theorem 21. Let A and B be topological algebras and f : A → B a contin-

uous open epimorphism. Then the map ϕ : hAk (ker f)→ mk(B), where k = l,
k = r or k = t, de�ned by ϕ(M) = f(M) for every M ∈ hAk (ker f), is a

bijection.

The next theorem gives a description of all closed maximal regular one-
sided ideals of a topological algebra using primitive ideals.

Theorem 22. Let A be a topological algebra and M ∈ ml(A) (M ∈ mr(A)).
Then

M = κ−1
P (M)

for some P ∈ πl(A) (P ∈ πr(A), respectively) and M ∈ ml(A/P )
(M∈ mr(A/P ), respectively), where κP : A→ A/P is the quotient map.

Note that the sets mk(A/P ) (P ∈ πk(A), k = l or k = r) in the next
theorem are disjoint. Indeed, let P1, P2 ∈ πk(A) and suppose that there is

M∈ mk(A/P1) ∩mk(A/P2).

ThenM⊂ (A/P1) ∩ (A/P2) and there are a1, a2 ∈ A such that

a1 + P1 = a2 + P2 ∈M.

Therefore, (a1 − a2) + P1 = P2. Since θA ∈ P2, we get that −(a1 − a2) ∈ P1

and thus, (a1 − a2) + P1 = P1. It follows that P1 = P2.

Theorem 23. Let A be a topological algebra and the map

Λ:
⋃

P∈πk(A)

mk(A/P )→ mk(A)

(here k = l or k = r) be de�ned by

Λ(M) = κ−1
P (M)

for everyM∈ mk(A/P ) and P ∈ πk(A), where κP : A→ A/P is the quotient

map. Then Λ is a surjection and for every �xed P an injection. Hence, the

restriction Λ|mk(A/P ) is a bijection for every �xed P .
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For every non-empty subset S of a topological algebra A, let

I(S) = clA

{ n∑

k=1

aksk + skbk + ckskdk + λksk :

n ∈ N, ak, bk, ck, dk ∈ A, sk ∈ S, λk ∈ K for all k

}
.

Then I(S) is a minimal closed two-sided ideal of A which contains S. Using
this, we give another description of all closed maximal regular left or right
ideals of a topological algebra.

Theorem 24. Let A be a topological algebra, M ∈ mk(A) (k = l or k = r)
and E a subalgebra of A such that I(M ∩ E) ⊂M . Then

M = κ−1
I(M∩E)(M)

for some M ∈ mk(A/I(M ∩ E)), where κI(M∩E) : A → A/I(M ∩ E) is the

quotient map.

Remark 25. In case of two-sided ideals, Theorem 21 is proved in [38], The-
orem 2.6.6, and in case when the subalgebra E of A is a subalgebra of the

centre of A, Theorem 24 is proved in [1, 2, 3] and [36].



Chapter 6

Topological Jacobson radicals

In the paper [8], some applications for the results obtained in [7] are given.
The left-sided case of the following lemma is Proposition 4 in [20] p. 120.

Here we present also the right-sided case. For the denotions, see 2.5.

Lemma 26. Let X be a left (right) A-module, π (π′, respectively) be a rep-

resentation (antirepresentation, respectively) of A on X and x0 ∈ X \ {θX}.

a) Each element of idr(x0) (idl(x0), respectively) is a right (left, respec-
tively) regular unit for the left ideal ker %π,x0 (right ideal ker %π′,x0, re-

spectively).

b) If x0 is a left (right, respectively) cyclic element, then idr(x0) (idl(x0),
respectively) is non-void and ker %π,x0 is a regular left (ker %π′,x0 is a

regular right, respectively) ideal of A.

c) If X is irreducible, then x0 is a left (right, respectively) cyclic element

and ker %π,x0 (ker %π′,x0, respectively) is a maximal regular left (right,
respectively) ideal.

Theorem 1 in [12] considers the case when the A-module X is commuta-
tive, that is, ax = xa for all x ∈ X and a ∈ A. Here we examine the case
when the multiplication over A is not necessarily commutative.

Theorem 27. Let A be a right (left) topologically nonradical algebra. Then

radr(A) (radl(A), respectively) is equal to

a) the intersection of all closed maximal regular right (left, respectively)
ideals of A;

b) the intersection of all primitive ideals of A which are de�ned by closed

maximal regular right (left, respectively) ideals of A.
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That is,

radk(A) =
⋂

P∈πk(A)

P =
⋂

M∈mk(A)

M

where k = r (k = l, respectively).
Hence, radr(A) (radl(A), respectively) is closed in A.

The description of the class of unital topological algebras in which all
maximal one-sided ideals are closed, is given in [15] and the class in which
all maximal two-sided ideals are closed is described in [16] (for the nonunital
case, see [14]). In these cases, radl(A) = radr(A) = Rad(A), by Theorem 27.
This is the case when A is, e.g., a Q-algebra. Here we consider the case when
maximal regular ideals are not necessarily closed.

Theorem 28. Let A be a topological algebra and κP : A → A/P be the quo-

tient map for every P ∈ π(A). Then radl(A) = radr(A) if and only if

⋂

P∈πl(A)

κ−1
P (radl(A/P )) =

⋂

Q∈πr(A)

κ−1
Q (radr(A/Q)). (6.1)

Replacing the condition (6.1) with stronger assumptions, gives us the fol-
lowing two corollaries.

Corollary 29. Let A be a topological algebra. If πl(A) = πr(A) and

radl(A/P ) = radr(A/P ) for every P ∈ πl(A), then radl(A) = radr(A).

Corollary 30. Let A be a topological algebra. If πl(A) = πr(A) and A/P is

simplicial and advertive for every P ∈ πl(A), then radl(A) = radr(A).
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Kokkuvõte

Kinnised maksimaalsed regulaarsed ühepoolsed

ideaalid topoloogilistes algebrates

Topoloogilise algebra uurimisel on kasulik teada selle kinniste ideaalide kirjel-
dust. Sealjuures on eriti kasulik teada kõikide kinniste maksimaalsete ideaa-
lide kirjeldust. On teada, et kõik maksimaalsed regulaarsed ühe- ja kahepool-
sed ideaalid on kinnised Q-algebrates. Lisaks on teada tarvilikud ja piisavad
tingimused topoloogilise algebra jaoks, mille korral selle kõik maksimaalsed
ühepoolsed ([15]) või kahepoolsed ideaalid ([16, 14]) on kinnised.

Käesoleva väitekirja eesmärgiks oli saada üldisemaid tulemusi kinniste
maksimaalsete regulaarsete ideaalide kohta topoloogilistes algebrates. Kirjel-
datud on kõik kinnised maksimaalsed regulaarsed ühe- ja kahepoolsed ideaa-
lid üldiste topoloogiliste algebrate pere {(Ax, τx) : x ∈ X} poolt de�neeritud
pidevate lõigete topoloogilises algebras.

Väitekiri koosneb kuuest põhiosast, kirjanduse loetelust, originaalartiklite
koopiatest ja autori elulookirjeldusest.

Esimeses põhiosas, tehakse ajalooline sissejuhatus käesolevasse töösse.
Teises osas esitatakse topoloogiliste algebrate ja nende ideaalide põhilised

de�nitsioonid ja tulemused, mis on vajalikud järgnevate osade mõistmiseks.
Kolmas kuni kuues osa käsitlevad töö aluseks olevat nelja publikatsiooni,

vastavalt [5], [6], [7] ja [8].
Kolmas peatükk annab ülevaate kinnistest, sealhulgas maksimaal-

setest kinnistest, ühepoolsetest ideaalidest topoloogiliste algebrate pere
{(Ax, τx) : x ∈ X} poolt de�neeritud pidevate lõigete topoloogilises algebras.
Indeksite hulgaks X on siin täielikult regulaarne Hausdor� ruum.

Topoloogilise algebra A faktoralgebrate pere {(A/I, τA/I) : I ∈ I} poolt
de�neeritud pidevate lõigete algebrat käsitleb neljas peatükk. Siin moodus-
tavad indeksite hulga I topoloogilise algebra A kõik kahepoolsed ideaalid.
Antakse tingimused, mille korral A esitus pidevate lõigete algebras on kõikjal
tihe. Leitakse kirjeldus topoloogilisele algebrale Q, mille korral topoloogilise

45



46

algebra A saab esitada pidevate funktsioonide algebra Cc(I, Q) kõikjal tiheda
alamalgebrana, kus I on varustatud kompaktse-lahtise topoloogiaga.

Viiendas peatükis käsitletakse topoloogilise algebra A faktoralgebrate pe-
re {(A/P, τA/P ) : P ∈ π(A)} poolt de�neeritud pidevate lõigete topoloogilist
algebrat. Indeksite hulga π(A) moodustavad siin A kõigi kinniste maksimaal-
sete regulaarsete vasakpoolsete (parempoolsete) ideaalide poolt de�neeritud
primitiivsed ideaalid. Selle lõigete algebra abil saadakse topoloogilise algebra
A kõigi kinniste maksimaalsete regulaarsete ühepoolsete ideaalide kirjeldus.

Kuuendas peatükis rakendatakse viienda peatüki tulemusi. Vasakpoolse
ja parempoolse topoloogilise Jacobsoni radikaali kirjelduse abil leitakse tin-
gimused, mille korral need radikaalid langevad kokku. See annab järjekordse
osalise vastuse B. Yoodi 1964. aastal püstitatud küsimusele ([47]).

Töö autor on sõnastanud osa tõestatud väidetest, esitanud detailsed tões-
tused tulemustele ning toimetanud kõikide artiklite käsikirju. Juhendajad on
püstitanud uurimisprobleemid ja andnud suure osa lahendusideedest.



Publications



Curriculum vitae

Name: Paul Tammo
Date and place of birth: 27.03.1982, Tallinn, Estonia
Citizenship: Estonian
Aaddress: Institute of Mathematics and Statistics, University of Tartu, J.
Liivi 2, 50409 Tartu, Estonia
Phone: +372 5597 5046
E-mail: paul.tammo@ut.ee

Education:

1989�1998 Tallinna Ühisgümnaasium (Tallinn Co-education gymnasium)
1998�2001 Tallinna Reaalkool (Tallinn Secondary School of Science)
2001�2007 University of Tartu, bachelor's studies in computer science,

Bachelor of Science, 2007
2007�2013 University of Tartu, doctoral studies in mathematics
Languages: Estonian, English
Employment:

2011�2015 University of Tartu, assistant
2017� University of Tartu, programmer
Fields of scientific interest:

topological algebras

104



Curriculum vitae

Nimi: Paul Tammo
Sünniaeg ja -koht: 27.03.1982, Tallinn, Eesti
Kodakondsus: Eesti
Aadress: TÜ matemaatika ja statistika instituut, J. Liivi 2, 50409 Tartu,
Eesti
Telefon: +372 5597 5046
E-post: paul.tammo@ut.ee

Haridus:

1989�1998 Tallinna Ühisgümnaasium
1998�2001 Tallinna Reaalkool
2001�2007 Tartu Ülikool, informaatika bakalaureuseõpe,

informaatika bakalaureus, 2007
2007�2013 Tartu Ülikool, matemaatika doktoriõpe
Keelte oskus: eesti, inglise
Teenistuskäik:

2011�2015 Tartu Ülikool, assistent
2017� Tartu Ülikool, programmeerija
Teaduslikud huvid:

topoloogilised algebrad

105



List of original publications

1. Mart Abel, Mati Abel, Paul Tammo, Closed ideals in algebras of sec-

tions. Rend. Circ. Mat. Palermo (2) 59 (2010), no. 3, 405�418.

2. Mart Abel, Mati Abel, Paul Tammo, On representations of topological

algebras. Far East J. Math. Sci. (FJMS) 57 (2011), no. 1, 49�61.

3. Mart Abel, Mati Abel, Paul Tammo, Descriptions of all closed maximal
one-sided ideals in topological algebras. Proc. ICTAA 2015 (accepted).

4. Mart Abel, Mati Abel, Paul Tammo, Coincidence of topological Ja-

cobson radicals in topological algebras. Acta Comment. Univ. Tartu.
Math. (2017) 21, no. 2, 239�247.

106



107 

DISSERTATIONES MATHEMATICAE 
UNIVERSITATIS TARTUENSIS 

 1.  Mati Heinloo. The design of nonhomogeneous spherical vessels, cylindrical 
tubes and circular discs. Tartu, 1991, 23 p. 

 2.  Boris Komrakov. Primitive actions and the Sophus Lie problem. Tartu, 
1991, 14 p. 

 3.  Jaak Heinloo. Phenomenological (continuum) theory of turbulence. Tartu, 
1992, 47 p. 

 4.  Ants Tauts. Infinite formulae in intuitionistic logic of higher order. Tartu, 
1992, 15 p. 

 5.  Tarmo Soomere. Kinetic theory of Rossby waves. Tartu, 1992, 32 p. 
 6.  Jüri Majak. Optimization of plastic axisymmetric plates and shells in the 

case of Von Mises yield condition. Tartu, 1992, 32 p. 
 7.  Ants Aasma. Matrix transformations of summability and absolute summa-

bility fields of matrix methods. Tartu, 1993, 32 p. 
 8.  Helle Hein. Optimization of plastic axisymmetric plates and shells with     

piece-wise constant thickness. Tartu, 1993, 28 p. 
 9.  Toomas Kiho. Study of optimality  of   iterated   Lavrentiev   method   and   

its generalizations. Tartu, 1994, 23 p. 
10.  Arne Kokk. Joint spectral theory and extension of non-trivial multiplica-

tive linear functionals. Tartu, 1995, 165 p. 
11.  Toomas Lepikult. Automated calculation of dynamically loaded rigid-

plastic structures. Tartu, 1995, 93 p, (in Russian). 
12.  Sander Hannus. Parametrical optimization of the plastic cylindrical shells 

by taking into account geometrical and physical nonlinearities. Tartu, 1995, 
74 p, (in Russian). 

13.  Sergei Tupailo. Hilbert’s epsilon-symbol in predicative subsystems of 
analysis. Tartu, 1996, 134 p. 

14.  Enno Saks. Analysis and optimization of elastic-plastic shafts in torsion. 
Tartu, 1996, 96 p. 

15.  Valdis Laan. Pullbacks and flatness properties of acts. Tartu, 1999, 90 p. 
16.  Märt Põldvere. Subspaces of Banach spaces having Phelps’ uniqueness 

property. Tartu, 1999, 74 p. 
17.  Jelena Ausekle. Compactness of operators in Lorentz and Orlicz sequence 

spaces. Tartu, 1999, 72 p. 
18.  Krista Fischer. Structural mean models for analyzing the effect of 

compliance in clinical trials. Tartu, 1999, 124 p. 
19.   Helger Lipmaa. Secure and efficient time-stamping systems. Tartu, 1999, 

56 p. 
20.  Jüri Lember. Consistency of empirical k-centres. Tartu, 1999, 148 p. 
21.  Ella Puman. Optimization of plastic conical shells. Tartu, 2000, 102 p. 
22.  Kaili Müürisep. Eesti keele arvutigrammatika: süntaks. Tartu, 2000, 107 lk. 



108 

23.  Varmo Vene. Categorical programming with inductive and coinductive 
types. Tartu, 2000, 116 p.  

24.  Olga Sokratova. Ω-rings, their flat and projective acts with some appli-
cations. Tartu, 2000, 120 p. 

25.  Maria Zeltser. Investigation of double sequence spaces by soft and hard 
analitical methods. Tartu, 2001, 154 p. 

26.  Ernst Tungel. Optimization of plastic spherical shells. Tartu, 2001, 90 p. 
27.  Tiina Puolakainen. Eesti keele arvutigrammatika: morfoloogiline ühesta-

mine. Tartu, 2001, 138 p. 
28.  Rainis Haller. M(r,s)-inequalities. Tartu, 2002, 78 p. 
29.  Jan Villemson. Size-efficient interval time stamps. Tartu, 2002, 82 p. 
30.  Töö kaitsmata. 
31.  Mart Abel. Structure of Gelfand-Mazur algebras. Tartu, 2003. 94 p. 
32.  Vladimir Kuchmei. Affine completeness of some ockham algebras. Tartu, 

2003. 100 p. 
33.  Olga Dunajeva. Asymptotic matrix methods in statistical inference  

problems. Tartu 2003. 78 p. 
34.  Mare Tarang. Stability of the spline collocation method for volterra 

integro-differential equations. Tartu 2004. 90 p.  
35.  Tatjana Nahtman. Permutation invariance and reparameterizations in 

linear models. Tartu 2004. 91 p. 
36.  Märt Möls. Linear mixed models with equivalent predictors. Tartu 2004.  

70 p. 
37.  Kristiina Hakk. Approximation methods for weakly singular integral 

equations with discontinuous coefficients. Tartu 2004, 137 p. 
38.  Meelis Käärik. Fitting sets to probability distributions. Tartu 2005, 90 p.  
39.  Inga Parts. Piecewise polynomial collocation methods for solving weakly 

singular integro-differential equations. Tartu 2005, 140 p. 
40.  Natalia Saealle. Convergence  and  summability with  speed  of  functional  

series. Tartu 2005, 91 p. 
41.  Tanel Kaart. The reliability of linear mixed models in genetic studies. 

Tartu 2006, 124 p. 
42.  Kadre Torn. Shear and bending response of inelastic structures to dynamic 

load. Tartu 2006, 142 p. 
43.  Kristel Mikkor. Uniform factorisation for compact subsets of Banach 

spaces of operators. Tartu 2006, 72 p.  
44.  Darja Saveljeva. Quadratic and cubic spline collocation for Volterra 

integral equations. Tartu 2006, 117 p. 
45.  Kristo Heero. Path planning and learning strategies for mobile robots in 

dynamic partially unknown environments. Tartu 2006, 123 p.  
46.   Annely Mürk. Optimization of inelastic plates with cracks. Tartu 2006.  

137 p. 
47.   Annemai Raidjõe. Sequence spaces defined by modulus functions and 

superposition operators. Tartu 2006, 97 p. 
48.   Olga Panova. Real Gelfand-Mazur algebras. Tartu 2006, 82 p. 



109 

49.   Härmel Nestra. Iteratively defined transfinite trace semantics and program 
slicing with respect to them. Tartu 2006, 116 p.  

50.    Margus Pihlak. Approximation of multivariate distribution functions. 
Tartu 2007, 82 p.  

51.  Ene Käärik. Handling dropouts in repeated measurements using copulas. 
Tartu 2007,  99 p. 

52.  Artur Sepp. Affine models in mathematical finance: an analytical approach. 
Tartu 2007, 147 p. 

53.  Marina Issakova. Solving of linear equations, linear inequalities and 
systems of linear equations in interactive learning environment. Tartu 
2007, 170 p.  

54.  Kaja Sõstra. Restriction estimator for domains. Tartu 2007, 104 p. 
55.  Kaarel Kaljurand. Attempto controlled English as a Semantic Web language. 

Tartu 2007, 162 p. 
56.  Mart Anton. Mechanical modeling of IPMC actuators at large deforma-

tions. Tartu 2008, 123 p. 
57.  Evely Leetma. Solution of smoothing problems with obstacles. Tartu 

2009, 81 p. 
58.  Ants Kaasik. Estimating ruin probabilities in the Cramér-Lundberg model 

with heavy-tailed claims. Tartu 2009, 139 p. 
59.  Reimo Palm. Numerical Comparison of Regularization Algorithms for 

Solving Ill-Posed Problems. Tartu 2010, 105 p. 
60.  Indrek Zolk. The commuting bounded approximation property of Banach 

spaces. Tartu 2010, 107 p. 
61.  Jüri Reimand. Functional analysis of gene lists, networks and regulatory 

systems. Tartu 2010, 153 p. 
62. Ahti Peder. Superpositional Graphs and Finding the Description of Struc-

ture by Counting Method. Tartu 2010, 87 p. 
63.  Marek Kolk. Piecewise Polynomial Collocation for Volterra Integral 

Equations with Singularities. Tartu 2010, 134 p. 
64. Vesal Vojdani. Static Data Race Analysis of Heap-Manipulating C Programs. 

Tartu 2010, 137 p. 
65.  Larissa Roots. Free vibrations of stepped cylindrical shells containing 

cracks. Tartu 2010, 94 p. 
66. Mark Fišel. Optimizing Statistical Machine Translation via Input Modifi-

cation. Tartu 2011, 104 p. 
67.  Margus Niitsoo. Black-box Oracle Separation Techniques with Appli-

cations in Time-stamping. Tartu 2011, 174 p. 
68. Olga Liivapuu. Graded q-differential algebras and algebraic models in 

noncommutative geometry. Tartu 2011, 112 p.    
69. Aleksei Lissitsin. Convex approximation properties of Banach spaces. 

Tartu 2011, 107 p.  
70. Lauri Tart. Morita equivalence of partially ordered semigroups. Tartu 

2011, 101 p. 
71.  Siim Karus. Maintainability of XML Transformations. Tartu 2011, 142 p. 



110 

72.  Margus Treumuth. A Framework for Asynchronous Dialogue Systems:  
Concepts, Issues and Design Aspects. Tartu 2011, 95 p. 

73. Dmitri Lepp. Solving simplification problems in the domain of exponents, 
monomials and polynomials in interactive learning environment T-algebra. 
Tartu 2011, 202 p. 

74.  Meelis Kull. Statistical enrichment analysis in algorithms for studying 
gene regulation. Tartu 2011, 151 p. 

75.  Nadežda Bazunova. Differential calculus d3
 = 0 on binary and ternary 

associative algebras. Tartu 2011, 99 p. 
76.  Natalja Lepik. Estimation of domains under restrictions built upon gene-

ralized regression and synthetic estimators. Tartu 2011, 133 p. 
77.  Bingsheng Zhang. Efficient cryptographic protocols for secure and private 

remote databases. Tartu 2011, 206 p. 
78.  Reina Uba. Merging business process models. Tartu 2011, 166 p. 
79. Uuno Puus. Structural performance as a success factor in software 

development projects – Estonian experience. Tartu 2012, 106 p.  
80.  Marje Johanson. M(r, s)-ideals of compact operators. Tartu 2012, 103 p.   
81.  Georg Singer. Web search engines and complex information needs. Tartu 

2012, 218 p. 
82. Vitali Retšnoi. Vector fields and Lie group representations. Tartu 2012, 

108 p. 
83. Dan Bogdanov. Sharemind: programmable secure computations with 

practical applications. Tartu 2013, 191 p.  
84.  Jevgeni Kabanov. Towards a more productive Java EE ecosystem. Tartu 

2013, 151 p.  
85. Erge Ideon. Rational spline collocation for boundary value problems. 

Tartu, 2013, 111 p.  
86.  Esta Kägo. Natural vibrations of elastic stepped plates with cracks. Tartu, 

2013, 114 p. 
87. Margus Freudenthal. Simpl: A toolkit for Domain-Specific Language 

development in enterprise information systems. Tartu, 2013, 151 p. 
88. Boriss Vlassov. Optimization of stepped plates in the case of smooth yield 

surfaces. Tartu, 2013, 104 p.  
89.  Elina Safiulina. Parallel and semiparallel space-like submanifolds of low 

dimension in pseudo-Euclidean space. Tartu, 2013, 85 p. 
90. Raivo Kolde. Methods for re-using public gene expression data. Tartu, 

2014, 121 p. 
91.  Vladimir Šor. Statistical Approach for Memory Leak Detection in Java 

Applications. Tartu, 2014, 155 p. 
92.  Naved Ahmed. Deriving Security Requirements from Business Process 

Models. Tartu, 2014, 171 p. 
93.  Kerli Orav-Puurand. Central Part Interpolation Schemes for Weakly 

Singular Integral Equations. Tartu, 2014, 109 p. 
94. Liina Kamm. Privacy-preserving statistical analysis using secure multi-

party computation. Tartu, 2015, 201 p. 



111 

95.  Kaido Lätt. Singular fractional differential equations and cordial Volterra 
integral operators. Tartu, 2015, 93 p. 

96.  Oleg Košik. Categorical equivalence in algebra. Tartu, 2015, 84 p. 
97.  Kati Ain. Compactness and null sequences defined by  spaces. Tartu, 

2015, 90 p. 
98.  Helle Hallik. Rational spline histopolation. Tartu, 2015, 100 p. 
99. Johann Langemets. Geometrical structure in diameter 2 Banach spaces. 

Tartu, 2015, 132 p. 
100. Abel Armas Cervantes. Diagnosing Behavioral Differences between 

Business Process Models. Tartu, 2015, 193 p. 
101. Fredrik Milani. On Sub-Processes, Process Variation and their Interplay: 

An Integrated Divide-and-Conquer Method for Modeling Business Pro-
cesses with Variation. Tartu, 2015, 164 p. 

102. Huber Raul Flores Macario. Service-Oriented and Evidence-aware 
Mobile Cloud Computing. Tartu, 2015, 163 p. 

103. Tauno Metsalu. Statistical analysis of multivariate data in bioinformatics. 
Tartu, 2016, 197 p. 

104. Riivo Talviste. Applying Secure Multi-party Computation in Practice. 
Tartu, 2016, 144 p. 

105. Md Raknuzzaman. Noncommutative Galois Extension Approach to 
Ternary Grassmann Algebra and Graded q-Differential Algebra. Tartu, 
2016, 110 p. 

106. Alexander Liyvapuu. Natural vibrations of elastic stepped arches with 
cracks. Tartu, 2016, 110 p. 

107. Julia Polikarpus. Elastic plastic analysis and optimization of axisym-
metric plates. Tartu, 2016, 114 p. 

108. Siim Orasmaa. Explorations of the Problem of Broad-coverage and 
General Domain Event Analysis: The Estonian Experience. Tartu, 2016, 
186 p. 

109. Prastudy Mungkas Fauzi. Efficient Non-interactive Zero-knowledge 
Protocols in the CRS Model. Tartu, 2017, 193 p. 

110. Pelle Jakovits. Adapting Scientific Computing Algorithms to Distributed 
Computing Frameworks. Tartu, 2017, 168 p. 

111. Anna Leontjeva. Using Generative Models to Combine Static and Se-
quential Features for Classification. Tartu, 2017, 167 p. 

112. Mozhgan Pourmoradnasseri. Some Problems Related to Extensions of 
Polytopes. Tartu, 2017, 168 p. 

113. Jaak Randmets. Programming Languages for Secure Multi-party Com-
putation Application Development. Tartu, 2017, 172 p. 

114. Alisa Pankova. Efficient Multiparty Computation Secure against Covert 
and Active Adversaries. Tartu, 2017, 316 p. 

115. Tiina Kraav. Stability of elastic stepped beams with cracks. Tartu, 2017, 
126 p. 

116. Toomas Saarsen. On the Structure and Use of Process Models and Their 
Interplay. Tartu, 2017, 123 p. 



117.  Silja Veidenberg. Lifting bounded approximation properties from Banach 
spaces to their dual spaces. Tartu, 2017, 112 p. 

118.  Liivika Tee. Stochastic Chain-Ladder Methods in Non-Life Insurance. 
Tartu, 2017, 110 p. 

119.  Ülo Reimaa. Non-unital Morita equivalence in a bicategorical setting. 
Tartu, 2017, 86 p. 

120.  Rauni Lillemets. Generating Systems of Sets and Sequences. Tartu, 2017, 
181 p. 

121. Kristjan Korjus. Analyzing EEG Data and Improving Data Partitioning 
for Machine Learning Algorithms. Tartu, 2017, 106 p. 

122. Eno Tõnisson. Differences between Expected Answers and the Answers 
Offered by Computer Algebra Systems to School Mathematics Equations. 
Tartu, 2017, 195 p. 

123.  Kaur Lumiste. Improving accuracy of survey estimators by using 
auxiliary information in data collection and estimation stages. Tartu, 2018, 
110 p. 




